


Hydrothermal and mechanochemical modification as a tool for preparing ZrO2 with desired physicochemical characteristics and improved photocatalytic properties
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Abstract. Hydrothermal treatment of precipitated ZrO2 at 300 °C promotes the transformation of amorphous ZrO2 into a pure monoclinic phase, as well as the formation of a uniform mesoporous structure, which has higher thermal stability. Soft dry post-milling of monoclinic ZrO2 causes the introduction of defects into its structure without a noticeable change in the porosity and preservation of the phase composition. The presence of defects is confirmed directly by UV-Vis spectra and indirectly by the manifestation of photocatalytic activity of milled samples under visible irradiation.
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Introduction 
Zirconium dioxide is used as a catalyst or support material in the temperature range up to 900 °C. Monoclinic ZrO2 is the only phase that is stable under these conditions. This is important because the use of metastable tetragonal and cubic ZrO2 is accompanied by phase transformations and undesirable changes in structure during catalytic processes. Hydrothermal treatment (HTT) is the most effective low-temperature procedure for preparing ZrO2 enabling the formation of a developed mesoporous and thermally stable structure. It is known that dry milling is an effective way of introducing oxygen vacancies OVs into the structure of oxides, which can additionally enhance their catalytic activity. 

Results and discussion
Initial ZrO2 samples were prepared from zirconium oxynitrate aqueous solution using ammonium hydroxide as a precipitant at pH 7 and 9.5. The obtained ZrO2 in the form of a wet gel and a dried xerogel was subsequently subjected to hydrothermal treatment (HTT) at 260-320 °C and equilibrium vapor pressure for 5-7 hours. Hydrothermally treated dried xerogels were subjected to mechanochemical treatment (MChT) in air (dry milling) at 300-500 rounds-per-minute (rpm) and ball-to-powder ratio (BPR) 10-25 for 30-60 min. A pure monoclinic phase with varying degrees of crystallinity (crystallite size is within 3-15 nm) is formed after HTT  at 260-300 °C of ZrO2 precipitated at pH 7 (Fig. 1). Full profile Rietveld refinement analysis confirms formation of almost pure, well-crystallized monoclinic ZrO2 after HTT of wet gel and dried xerogel at 300°C.
Post-milling of the hydrothermally prepared monoclinic phase leads to the introduction of micro-strains into the crystal structure while maintaining the phase composition.
[image: ]
Fig. 1. XRD patterns for ZrO2, precipitated at pH 7, after HTT additional MChT under different synthetic conditions.
Nitrogen adsorption-desorption isotherms demonstrate the transformation of the micro-mesoporous structure of the initial precipitated ZrO2 into a developed and uniform mesoporous structure with high specific surface area S, mesopore volume Vme and mesopore size dme after HTT. This structure is largely preserved after post-milling. Moreover, the hydrothermal and post-milled samples have increased thermal stability of the porous structure compared to the initial precipitated sample (Table 1).

Table 1. Characteristics of porous structure for samples precipitated at pH 7

	Conditions of modification
	S, m2/g
	Vme, cm3/g
	dme*, nm

	Initial pH 7 
	130
	0.07
	2.8

	+ HTT xerogel 260 C
	184
	0.18
	3.7

	HTT xerogel 260 C + MChT 300 rpm 1h BPR 10
	149 
	0.215
	3.7

	HTT xerogel 260 C + MChT 300 rpm 1h BPR 13
	139
	0.20
	3.7

	Initial pH 7 
	130
	0.07
	2.8

	Initial + TT 500 C
	27
	0.07
	6.5

	HTT gel 300 C 5 h
	60
	0.17
	9.7

	HTT gel 300 C 5h + TT 500 C
	61
	0.24
	9.7

	HTT gel 300 C 7 h
	48
	0.18
	9.7

	HTT gel 300 C 7h + TT 500 C
	44
	0.17
	9.7

	HTT gel 300 C 7 h + MChT 500 rpm 0.5h 
	28
	0.07
	3.8; 13.0

	HTT gel 300 C 7 h + MChT 500 rpm 0.5h+TT 500 
	28
	0.07
	3.8; 13.0

	HTT xerogel 300 C 7 h
	66
	0.19
	7.8

	HTT xerogel 300 C 7 h + MChT 400 rpm
	68
	0.14
	6.6

	HTT xerogel 300 C 7 h + MChT 450 rpm
	72
	0.17
	5.8

	HTT xerogel 300 C 7 h + MChT 500 rpm
	52
	0.11
	3.6; 32
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Fig. 2. Nitrogen adsorption-desorption isotherms for selected hydrothermal and post-milled samples

In general, zirconium dioxide is a semiconductor with a band gap of 5.1 eV, and it does not change during HTT. Post-milling results in a shift of absorption edge toward the visible region and corresponding narrowing band gap to 5.0 eV as well as the appearance of Urbach tail in the UV-Vis spectra of milled samples, which may be caused by the formation of OVs (Fig. 3). As a result of the extended absorption range to visible region, the second absorption edge is recorded in spectrum of milled sample, which corresponds to band gap at about 2.80 eV. It is important that post-calcination of these milled samples at 500 °C  practically does not lead to a change in the spectra (Fig. 3). This is consistent with the thermal stability of the crystal structure of the milled samples, as indicated above.
	Due to its wide band gap, as-precipitated and hydrothermally modified zirconium dioxide is photocatalytically active only under the influence of UV radiation while milling a hydrothermal sample causes it to acquire photocatalytic activity under visible light. This is confirmed by the results of photocatalytic degradation of dyes, safranin T and Rhodamine B, in an aqueous medium.
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Fig. 3. UV-Vis spectra of samples after HTT, post-milling and calcination

Thus, the degree of discoloration of their solutions is 50-70% in 5 hours under the influence of visible light in the presence of milled ZrO2, and the degree of mineralization, the transformation of organic substances into less harmful inorganic ones, is 30-50%. Extra-modification of monoclinic ZrO2 by mechanochemical introduction of Ni into its structure promotes the formation of a p-n heterojunction transition at the NiO/ZrO2 interface further improving the photocatalytic activity of the prepared compositions. As a result, their photocatalytic performance increases several times.
Conclusions
  A new route for preparing a thermally stable mesoporous monoclinic ZrO2 support with possible increased thermal stability, containing stable defects introduced by milling, is proposed. It uses the combined effect and advantages of both hydrothermal and mechanochemical methods. Particularly, ZrO2 becomes active under visible light due to the introduced defects.
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